The permittivity and permeability of the Tb-doped and undoped Fe core-shell nanoparticles were investigated for frequencies from 2 to 18 GHz. The particles were synthesized by arc discharge and contain some oxygen, probably in the form of Fe 2 O 3 , Fe 3 O 4 , and Tb 2 O 3 , whereas the core material is Fe. Both the electromagnetic materials constants and the morphology of the Fe nanoparticles are changed by Tb addition, which gives rise to the shifts to higher frequencies and thinner thicknesses of the maximum microwave absorption in the Tb-doped Fe nanoparticles.
I. INTRODUCTION
Nanoscale composites of transition metals and dielectric materials, especially core-shell structures, tend to exhibit good electromagnetic ͑EM͒-wave absorption properties because they have higher absorption frequencies, broader absorption bands, and thinner layer thicknesses than the classical bulk ferrite absorbants. [1] [2] [3] [4] [5] [6] [7] Among these nanocomposites, Fe-based nanocapsules are of great interest due to their typical ferromagnetic characteristics and potential applications in microwave absorption. [2] [3] [4] It is well known that the reflection loss ͑RL͒ can be used to characterize the absorption properties of EM materials. According to the transmission-line model, 8 
͑1͒
Here, the materials constants r = Ј− jЉ and r = Ј − jЉ are the complex permeability and complex permittivity, respectively, d is the absorption layer thickness, and f is the frequency of incident wave. It is of great interest to study the influence of varying the parameters of Eq. ͑1͒ on the EMwave absorption properties. Nanoparticles prepared from pure iron or nickel possess a core-shell structure due to natural oxidation of the nanoparticle surfaces, and the complex permittivity and complex permeability spectra show that the absorption performance in iron nanoparticles is better than that of nickel nanoparticles. 4 However, the synthesis, morphology, and materials constants in the nanoparticles of rare earth and iron have seldom been reported. In the present work, the permittivity and permeability and microwave absorption of Tb-doped and undoped Fe-nanoparticles are investigated in the frequency range of 2-18 GHz.
II. EXPERIMENT
Both the Tb-doped and undoped Fe nanoparticles were prepared by arc discharging a Fe 90 Tb 10 and a 99.99% purity Fe ingot in carbon crucible, as described in Ref. 3 . The coreshell nanoparticles were investigated by a transmission electron microscope ͑TEM͒ ͑TECNAI F30͒ with an emission voltage of 300 kV. The surface compositions of the nanoparticles were determined by x-ray photoelectron spectroscopy ͑XPS͒, with an Al K␣ line x-ray source. Magnetic hysteresis at 295 K of the nanoparticles was measured in magnetic fields between 10 and Ϫ10 kOe, using a superconducting quantum interference device ͑Quantum Design MPMS-7͒. Coaxial method was used to determine the EM parameters of the toroidal samples ͑see details for the preparation of the toroidal samples in Ref. 3͒ in a frequency range of 2-18 GHz using an Agilent 8722ES vector network analyzer ͑VNA͒ with a transverse EM mode. The complex permittivity and complex permeability were calculated from the S-parameters tested by the calibrated VNA, using a simulation program for the Reflection/Transmission Nicolson-Ross model. 
III. RESULTS AND DISCUSSION
The Tb-doped nanoparticles in Figs. 1͑a͒ and 1͑b͒ are spherical nanocapsules with diameters of 10-50 nm and shells of about 2-3 nm, whereas the Tb-free nanoparticles, oxidation state, probably Tb 2 O 3 , on the surface of the samples. Actually, in the formation process of nanocapsules during arc discharge, element with higher melting point will have the priority to condense, and the one with lower melting point will be richer in the shell. 13 The melting points of Tb and Fe are 1630 and 1809 K, respectively, which explains the rareness of Tb in the core part. As discussed above, the Tbdoped Fe nanoparticle can be defined as Fe-core/ Fe 2 O 3 -and Tb 2 O 3 -shell nanocapsule. Figure 3 shows the frequency dependencies of the EM parameters of the nanoparticles. After Tb doping, the complex permeability of nanoparticles remains almost unchanged, whereas the magnitude of the complex permittivity decreases substantially, from about 10.4− 1.1j to about 5.1 − 0.5j. This fluctuation behavior, with a few local maxima, can also be seen in the permittivity spectra. For metal-based nanocomposites, the space charge polarization and the dipole polarization mechanisms explain the absorption of energy by dielectrics, which influence the shape of the permittivity as a function of frequency. The significant fluctuations for Ј and Љ have been found in carbon nanotubes that are ascribed to the displacement current lag at interfaces, 14 and in Ni 1−x Co x P alloy nanoparticles due to the ac loss. 10-13 GHz, with relative maxima at about 8, 12, and 17 GHz. The ferromagnetic resonance frequency f of softmagnetic materials is often enhanced in nanoparticle because f increases with the magnetic anisotropy and small particles exhibit some surface anisotropy. The effect is enhanced by the Tb 3+ , which has an aspherical 4f shell and therefore yields strong anisotropy contributions in noncubic atomic environments. 16 A similar mechanism also affects and generally enhances the damping.
Let us now discuss the usefulness of the present material for practical applications. RLs exceeding Ϫ20 dB mean 99% attenuation, which can be considered as an efficient absorption. Figure 4 shows the color maps of RL values calculated from the materials constants measured for the nanoparticles dispersed in paraffin, using Eq. ͑1͒. In both maps, ideal absorption ͑RL exceeding Ϫ20 dB͒ can be found, but in different ranges of d and f. The ideal absorption area ͑see the boxed areas in Fig. 4͒ of the Tb-doped Fe nanoparticles locates at thinner layer thicknesses and higher frequencies than that of undoped ones. One possible explanation for the improvement of the high-frequency absorption characteristics could be the crystal-field interaction of the Tb 3+ ions. Tinga et al. reported the permittivity and permeability of the multiphase inclusions in the form of confocal ellipsoidal shells dispersed in a host material, 17 which is very similar to the present core-shell system. According to his study, the absorption properties of the Fe-based nanoparticles-paraffin composites result from several factors, such as the material constants of shell and core materials, the size, the nanoparticles-to-paraffin mass ratios, and also the special core-shell structure with insulating oxide shells and ferromagnetic cores. The Tb doping changed both the microstructure and the composition of the Fe nanoparticles, which consequently changed the core-to-shell volume fraction, the boundary conditions of the Maxwell equations, the materials constants of the core-shell nanocomposites, and therefore the absorption properties.
IV. CONCLUSION
In summary, we have used arc discharge to synthesize Tb-doped and undoped Fe nanoparticles for microwave absorption and measured the permittivities and permeabilities of the Tb-doped and undoped particles in the frequency range of 2-18 GHz. With Tb doping, the microstructure and magnetic properties of Fe nanoparticles were changed, and thus the materials constants. Compared to the undoped particles, the maximum absorption of the Tb-doped Fe nanoparticles shifts to higher frequencies and thinner absorbing layer thicknesses. We tentatively ascribe this improvement to the anisotropy contribution of the Tb 3+ ions, which affect both the resonance frequency and the line width.
